Numerous cell-types have shown a remarkable ability to detect and move along gradients in stiffness of an underlying substrate -a process known as durotaxis. The mechanisms underlying durotaxis are still unresolved, but generally believed to involve active sensing and locomotion. Here, we show that simple liquid droplets also undergo durotaxis. By modulating substrate stiffness, we obtain fine control of droplet position on soft, flat substrates. Unlike other control mechanisms, droplet durotaxis works without imposing chemical, thermal, electrical or topographical gradients. This enables a new approach to large-scale droplet patterning and is potentially useful for many applications, such as microfluidics, thermal control and microfabrication.
INTRODUCTION
The control of liquids on surfaces is essential for microfluidics [1] , microfabrication [2] and coatings [3] [4] [5] , to name but a few applications. Wetting is typically manipulated by controlling interfacial energies [6] . Heterogeneous surface chemistries have been exploited to pattern [7, 8] and transport droplets [3, 9] . Gradients in temperature or electric potential can drive droplet motion [3, 9] . Alternatively, surface topography can control the spreading of fluids. For example, isotropically rough surfaces can exhibit superhydrophobicity [10, 11] , while anisotropic surfaces exhibit anisotropic spreading [12] and even directed droplet transport [13] [14] [15] . Here, we introduce a method to control droplets on surfaces inspired by the biological phenomenon of durotaxis -the ability of many eukaryotic cell types to move along gradients in the stiffness of their extracellular matrix [16] [17] [18] [19] . While the current explanation of durotaxis involves active sensing of matrix stiffness and actomyosin-based motility [18] , we show here that even simple liquid droplets display durotaxis. Furthermore, we show that durotaxis can be exploited to achieve large-scale droplet patterning. A simple theory explains how drops move towards softer parts of a substrate, and quantitatively captures the droplet distribution on patterned surfaces. Droplet durotaxis is prominent on soft substrates, which are significantly deformed by liquid surface tension [20, 21] .
The spreading of liquid droplets on stiff, flat surfaces is primarily described by the contact angle. In equilibrium, a small droplet takes the shape of a spherical cap with uniform contact angle θ determined by Young's law: γ LV cos θ = γ SV − γ SL . Here indices L, S and V of inter- * eric.dufresne@yale.edu facial energies, γ, represent liquid, solid and vapor respectively [6] . Spontaneous droplet motion typically occurs in two main cases. First, if the actual contact angle of a droplet differs from its equilibrium contact angle, the droplet will be driven to spread/contract until it reaches its equilibrium shape [6] . Second, if there is a difference between the equilibrium contact angle on either side of a droplet, the droplet will be driven towards the more wetting side. This is typically achieved by modifying the interfacial energies across the droplet [9] . Here, we show that gradients in substrate stiffness can also drive droplet motion on soft substrates.
CONTACT-ANGLE DEPENDENCE ON SUBSTRATE STIFFNESS
On soft substrates, the apparent contact angle varies with droplet size and substrate stiffness [22, 23] . This breakdown of Young's law occurs because droplet surface tension can significantly deform soft substrates, as shown by the x-ray micrograph in Figure 1 (a) [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Droplet surface tension pulls up at the contact line creating a ridge, while the droplet's internal (Laplace) pressure pushes down into the substrate over the contact area, creating a dimple. Dimple formation leads to a contactangle change: when the Laplace pressure is sufficiently large, the droplet bulges down into the substrate, taking a lenticular shape and causing it to appear more wetting, as illustrated in Figure 1(b,c) . The apparent contact angle, θ, is defined here as the angle of the liquid-vapor interface at the contact line relative to the undeformed solid surface far from the droplet. For large droplets, we expect the contact angle to be consistent with Young's law. For very small drops, the shape mimics that of drops floating on a liquid with the same interfacial tensions as the soft substrate -the contact angle is determined from • [23] . (e) Schematic profile of a droplet on a soft surface of varying thickness, h. a Neumann triangle construction [22, 23, 34] . The critical droplet radius where the apparent contact angle starts to deviate from Young's law is L = γ LV /E, where L is an elastocapillary length and E is the Young's modulus of the substrate [23] . For hard solids, L ∼ molecular scales, so contact-angle changes are insignificant. For soft solids, L can be macroscopic; gels with E ∼ kPa have L ∼ 10µm.
Two examples of the dependence of the macroscopic contact angle on droplet size are shown in Figure 1 
Here, glycerol droplets rest on thin, flat silicone-gel layers (CY52-276A/B, Dow Corning: E = 3 kPa) spincoated on a stiff glass coverslip. In the samples shown, the film thicknesses are h = 3, 35 and 38µm. We measured θ using a laser scan (laser profilometer with white-light probe sensor, Solarius Inc.) and an optical profilometer (NewView 7300, Zygo Corp.). Further details are given in the Materials and Methods. For droplets larger than 50µm, θ approaches the macroscopic value of 95
• , measured for millimetric droplets. For droplets smaller than 50µm, θ is significantly reduced. For a given droplet size, the contact angle is smaller on the thicker substrate. In other words, small droplets appear to wet thick substrates more strongly than thin substrates.
DROPLET DUROTAXIS
We hypothesised that the dependence of θ on soft substrate thickness could be exploited to manipulate droplets on chemically-homogeneous, flat surfaces. The data in Figure 1 (d) suggest that a droplet on a soft substrate with non-uniform thickness will have a nonuniform contact angle, as shown in Figure 1 (e). By analogy with droplet motion driven by gradients of interfacial energy, we expect droplets to move spontaneously along gradients in substrate thickness. Here, droplet motion is not created by an external force or gradients in interfacial energy, but differences in substrate stiffness. We use 'stiffness' in the sense of a spring constant, describing how much a surface is displaced by an external force. Thus, a substrate's stiffness depends both on its elastic modulus and thickness. Intriguingly, motion along stiffness gradients has been observed in living cells. This phenomenon, called durotaxis, can be driven by gradients in the elastic modulus of the substrate [16] [17] [18] or by gradients in the substrate thickness [19] .
To test this hypothesis, we observed droplets on soft substrates with flat surfaces and gradients in thickness. We coated stiff lenticular sheets with silicone gel (Figure  2(a) ). The lenticules are cylindrical caps with radii of 91 µm spaced periodically with wavelength 170 µm. The resulting gel layer had strong thickness gradients but a flat surface (quantified in the Supporting Information).
We sprayed glycerol droplets onto the surface with an atomiser, and observed them in reflection on a light microscope. Examples are shown in Figures 2(b,c) . The dark lines indicate the deepest part of the substrate. We found that droplets spontaneously moved from thin regions to thick regions (see SI Movie 1). Depending on their size, the droplets continued to move detectably for up to 1 hour, and we left them for 5 hours postdeposition to reach 'steady state'. Figure 2 (c) shows a typical steady-state image taken 5 hours post deposition. We analysed 92 such images, containing 13300 droplets to determine their final positions. Droplet radii and centre positions were detected automatically using a circular-Hough transform (droplets < 20µm in radius), or by identifying points on the droplet perimeter by hand and fitting a circle through these points (larger droplets). The results are shown in Figure 2(d) as the probability density of droplets ending up on a portion of the substrate of a given thickness. Figure 2(e) shows the number of droplets recorded in each size range. Large droplets all move to the deepest part of the substrate. Note that the substrate is 60µm thick at its deepest point. Droplets below 25µm in radius are most likely to be found where the substrate thickness is roughly 1.5 times their radius; in deeper regions the probability density is roughly uniform and indistinguishable from the uniform coverage by the atomiser. All droplets are almost perfectly excluded from regions shallower than a drop-size-dependent critical thickness.
Representative droplet trajectories are shown in Fig-(a) (b) (c) ure 3(a), starting within a minute of initial deposition. This shows droplet velocity as a function of underlying substrate thickness. Droplets are driven towards thicker regions of the substrate, with speed decreasing as they move. Small droplets deposited over thick regions of the substrate do not move.
MECHANISM OF DROPLET DUROTAXIS
A simple theory quantitatively captures the final position of moving droplets. Extending our analogy with droplet motion driven by gradients of interfacial energy, we expect droplets to move spontaneously when the contact-angle difference across the droplet, ∆θ, exceeds a critical value, ∆θ c [6] . Using our previous theory [22, 23] , we calculated the expected contact angle of a droplet as a function of substrate thickness, as shown by the curves in Figure 3 (b) (see Supporting Information). This was used to estimate ∆θ as a function of droplet size and position, as shown by the gray and black symbols in the figure. In the shallower parts of the substrate, ∆θ can be as much as 15
• , depending on the droplet size. As the substrate thickness increases, ∆θ decreases. Thus, the presumed driving force for droplet motion decreases with increasing thickness. Assuming that the droplet stops when ∆θ = ∆θ c we can determine the final position of the droplet as a function of its radius. Superimposing the theoretical final droplet positions on top of the experimental data in Figure 2(d) , we find good agreement between theory and experiments for a critical value ∆θ c = 1.8
• . This is consistent with contact-angle hysteresis measurements for macroscopic glycerol droplets on flat, silicone-gel-coated surfaces using a contact angle goniometer (VCA Optima, AST Products). Hysteresis was sufficiently small as to be undetectable within the accuracy of the machine (±2
• ). In order to confirm this mechanism and rule out other causes of droplet motion, we repeated our experiments replacing the soft silicone gel with a stiff silicone elastomer (Sylgard 184 with 10:1 ratio, Dow Corning: E ≈1.8MPa). For this material, our theory predicts no significant substrate deformation or contact-angle differences. Indeed, we found no droplet motion, as shown in SI Movie 2.
PATTERNING WITH DUROTAXIS
The images in Figures 2(b,c) demonstrate the potential of droplet durotaxis for controlled pattern formation. This is greatly enhanced when droplets are allowed to coarsen, coalesce, and evaporate. Figure 4 (a) shows water droplets on the substrate studied above, where droplets have been condensed from the ambient atmosphere by cooling of the substrate. While droplets grow by condensation, long-range forces -likely elastic in origin -drive their coalescence (SI Movie 3). This growth rapidly drives droplets to the thickest region of the soft substrate. With the removal of cooling, the remaining small droplets rapidly evaporate, leaving the largest droplets precisely localised over the deepest regions of the substrate. Figure 4(b) shows water droplets condensed onto a flat, silicone layer coated on an arbitrary substrate pattern -in this case the letter 'Y', created by a flat 35µm deep etch into a silicon wafer. The silicone layer is a few microns thick on the wafer surrounding the 'Y'.
CONCLUSIONS
In conclusion, simple liquid droplets undergo durotaxis on stiffness gradients on soft substrates. This motion can be used to move droplets without chemical, thermal or topographical gradients. Durotaxis can be used to pattern droplets over large scales, and may also be useful for microfluidics [9] , microfabrication and self-assembly [2, 35] , and condensers [5] . We note that the behaviour of droplets on stiffness gradients is analogous to the collective behaviour of adatoms adsorbed onto the surface of a crystal [36] . Thus droplets may be a convenient macroscopic analogue for atomic adsorption and redistribution. Our results also have implications for the biological mechanisms involved in cellular durotaxis. Even though drops move to softer substrates and cells typically migrate to stiffer substrates, the phenomenon of durotaxis by simple liquid droplets indicates that active stiffness sensing may not be required. 
MATERIALS AND METHODS
Substrate fabrication We created our substrates by coating a flat layer of silicone on a lenticular, polyester-resin substrate (Lenstar Plus -Thin, Pacur). For the soft substrates, we used a silicone gel (CY52-276A/B, Dow Corning), while for the harder substrates we used a silicone elastomer (Sylgard 184). The fabrication process is shown in the Supporting Information. We spincoated a 2(w/v)% solution of polystyrene in toluene on a glass slide to form a flat coating of polystyrene. The silicone was premixed and degassed in a vacuum chamber and then a small drop was sandwiched between the polystyrene film and the lenticular substrate. A flat weight (∼200g) was placed on the sample to compress the gel layer. After curing overnight, the weight was removed and the coated substrate was gently peeled off the polystyrene.
X-ray imaging of the contact line A flat, soft substrate was made by spincoating a 22µm thick layer of the silicone gel on a glass slide. A droplet of pure, de-ionized, water (Millipore, 18MΩcm at 25 • C) was placed on the substrate and allowed to equilibrate for several minutes. The contact line was then visualised using x-ray imaging performed using the transmission x-ray microscopy at the 32-ID-C beamline in the Advanced Photon Source (APS) of the Argonne National Laboratory. High-resolution, 50nm/pixel micrographs were recorded using bright light at a photon energy of 8 keV generated by the APS [38] . As we used a short exposure time of less than 0.2s per snapshot, x-ray effects -such as polymer degradation -should be negligible [39] . A Zernike phase-ring provided sufficient phase contrast to clearly visualise the droplet interfaces, so no contrast agent was required [40, 41] .
Contact angles We measured droplet contact angles using two separate techniques: First with an optical profilometer (NewView 7300, Zygo Corp.), and second with a laser scan device (laser profilometer with white-light probe sensor, Solarius Inc.). First, we measured the height from the undeformed surface h d of droplets on a range of substrate thicknesses. Second, we used an image of the droplet to measure its apparent radius, R. When θ > 90 • , R represents the actual radius of the droplet. When θ < 90 • , R represents the footprint radius of the droplet. We calculated the contact angle θ by assuming that the droplet surface is a spherical cap of height h d and radius R: if R > h d , (1 − cos θ)/ sin θ = h d /R, while if R < h d , θ = sin −1 ((h d − R)/R) + 90 • . On a rigid substrate with no wetting ridge, this technique will give the correct contact angle. However on soft substrates, this value systematically overestimates θ by an amount on the order the ratio of the ridge height divided by the droplet radius. This systematic error is ≈ 5 • for the smallest droplets and decreases with increasing radius [23] .
